O:1arring rate of wood is affected by density and rroisture content of wood, external heat flux and oxygen concentration of the surrounding air. A simplified rrodel for charring of wood is presented as v;ell as exper:irra1tal charring rate results for some thennally thick wood species and wood products.
Most were corrlitioned in 55 % relative humidity at 23 ·C, which produced moisture levels between 8 and 10 %. '!he sample surface was 100 rom x 100 rom and thickness as mentioned above. '!he edges and the rear side v.ere protected with aluminium foil. All measurements were made in the horizontal p:sitia:1, because experience has shown that for this size and these kinds of wood specimens the results are essentially the same both in the horizontal and vertical positions.
BURNING OF~D
Under heat exposure the temperature of the wood surface starts to rise. How fast it depends on the incoming heat flux and material prc::p=rties of wood. When the temperature reaches 100 'C the chemically unbourrl water starts to leave. Lignin, cellulose and hemicellulose start to decompose at quite low temperatures (160 -180 ·C). Decomposition is more intense when the temperature is above 270 ·C and the surface now becomes gray and later dark. When the surface temperature reaches 350 -360 'C ignition occurs in the presence of any small pilot flame or spark, and the char layer begins to form.
Just after ignition the rate of heat release is high because volatiles diffuse easily through the surface layer. Later the growing char layer acts as an insulator for the uncharred wood within. '!he heat exposure into the uncharred wood is now lower than before. As a consequence the rate of heat release decreases from its maximum, and after same time reaches a constant value when the thickness of the char layer grows only slowly.
'!he heat of combustion of dry wood is about 16.5 MJjkg [1, 2] . When it contains water the heat released is lower because same is taken to warm the water. For wood with 10 % moisture the heat of combustion is 12 -14 MJjkg. In this study the measured value for pine and spruce was 12.5 MJjJ<.g. '!he rate of combustion is affected by density, thermal conductivity, specific heat capacity and moisture content of wood. Also the external heat flux and oxygen concentration must be taken into accourrt., '!he temperature profile in a burning piece of wood is shown in Fig.  1 . There is a strong temperature gradient near the char front in the uncharred wood. At a distance of 15 rom from the char front the temperature is already below 100 ·C. In this study the char front is defined as the Locat.i.on where the temperature is 360 'C because there is still same strength left in wood until this temperature.
Q1ARRlliG mDEL
Combustion models for wood have been developed recently by Atreya [3] , Parker [4] , Fredlurrl [5] and Wichman [6] . For solution these models generally require numerical calculation, which is often too complicated for practical structural design. '!he present model is simplified and analytical, and can be used to find how different parameters affect the charrinq rate. Figure 1 shows the heat transfer to the solid (uncharred) wood. In the steady state (temperature profile always the sa:rre in tllre) far thernally thick sarrples the energy per unit time impinging on the cbar front equals to the energy gained by the volatiles leaving the solid. '!he energy contained by the volatiles is the sum of the energy needed to raise the temperature of the solid to T p and the energy needed to vaporize it. '!he energy balance is stated as:
where em is heat flux to the char front,· m is the mass flux of volatiles (mass loss rate), C is the specific heat capacity, T p is the average pyrolysis temperature of wood, To is the initial temperatUre and Iv is the heat of gasification of wood.
UNCHARRED WOOD T FIGURE. 1. Heat transfer in the charring wood sampl,e, '!he net heat flux to the char front depends on the external heat flux <Je, heat losses on the surface <!L and the heat absorbed into the char layer CJc: (2) Note that the external heat flux includes the radiation from the flames. '!he surface temperature of cbar is high (600 -800 ·C), which means that heat losses from the surface are mainly radiative.
'!he mass loss rate in Eq. (1) includes the mass flux of vaporized water. At high temperatures the pressure inside the solid wood can be 50 % higher than under nonnal conditions [5] . '!his causes part of the water to penetrate more deeply into the solid and part of it to come out as vapor. '!he average pyrolysis temperature of wood T p is approximately 360 ·C [7] , which is the same as for the charring front. Equation (1) gives, for the mass loss rate,
• em
'!he charring rate 13 is defined as follows:
where x is the location of char front at time t. For complete combustion the following equation relates the mass loss rate and the charring rate,
where p is density of wood including lOOisture. Using Eqs. (3) and (5) we get for the charring rate,
'!his approximate fonnula gives the charring rate as a function of only a few parameters. To calculate 13 mean parameter values over the experimental temperature range are needed.
Cone calorimeter experiments show that mass loss rate de::reases rapidly after its initial :maximum and then stays practically constant (see In what follows Eq. (6) will be used to calculate the charring rate for spruce (density 480 kg/m 3 including 10 % lOOisture content) at an irradience of 50 kW/ro 2 • '!he net heat flux Cln to the dJar frcnt is calcnlated using Eq. (2) . When the surface temperature of the char is 680 ·C (ṽ alue) am its emissivity is 0.7 the value for the heat losses <lL will be 33 kW/m'. '!he heat absorbed by the char layer is less than 1 kW/m' (char thickness is asstnned to be less than 20 nun and values for density and specific heat of char are taken from literature [5] ). 'Ihis means that the net heat flux em is about 17 kW/ro 2 • '!he net heat flux em can also be approxilllated by using the temperatures measured inside the sample as follONS: (7) where k is the thermal corrluctivity (0.20 W/mK average value for high temperatures [8] ), LlT is the temperature difference (high minus low) and LlX is the distance between different thenrocouples. This gives a value of 13 .5 kW/m' for em. In the following the average of the two calculated values (15 kW/m') will be used. 'Ihe specific heat capacity is taken as 1800 JjkgK [8] • '!he heat of gasification values for wood found in the literature varies in a broad range from 1. 4 to 7 MJjkg [9 -12] . In this study 1. 7 MJjkg is used for spruce with 10 % moisture [12] .
For the calculated charring rate we now get from Eq. '!he measured value is 0.80 nm/miri, With the same heat flux the calculated and measured charring rates for pine (density 560 kg/ro 3) are 0.70 romjmin and 0.80 romjmin respectively. With 50 kW/m' irradience Nussbaum has measured the charring rate of pine (500-600 kg/ro 3) to be 0.70 romjmin [13] .
'Ihe comparisons between this simple model and experiments show that it is possible to calculate the charring rate with an accuracy of around 10 -15 % although the above results came out considerably better. '!he absolute values are anyway critical for the parameter values used. This means that experimental work is still needed. '!he model is more accurate and useful in detennining the effects of individual parameters on the charring rate.
EFFECT OF IDcr'ERNAL HEAT FlUX
By combining the charring rate, Eq. (6) and net heat flux to the char front, Eq. (2), and assuming other parameters to be independent of external heat flux, we get, for the charring rate, the following dependence on external heat flux CIs, (8) Earlier the heat absorbed by the char layer was assumed very small COIl"pared with heat losses at the surface. As a consequence Eq. (8) can be simplified to (9) Heat losses on the char surface are mainly radiative when the surface temperature is high (530 -810 ·C for external heat fluxes 25 -75 kW/m' , respectively). By using the measured te.mperatures the dependence of the heat loss on the external heat flux can be roughly approximated as en:.. :::: 0.8 ere - 5 , where ere is expressed in kW/m". combining Eqs. (9) and (10) gives -0.2 ere + 5 ,
where ere is again in kW/m". 'Ibis approximation is based on limited number of experimental results and is not interrle::i to give the accurate physical relationship, but this result is very useful when estimating the effects of external heat flux. Figure 3 shows the approximation of charring rate according to Eqs.
(6) and (11) for spruce as a function of external heat flux. In the same figure are also shown the present experimental results as well as the results of Nussbaum [13] and Nurbakhsh [14] . '!he mass loss rate results of (6) and (11) (-). Experimental resultp: present study (0), Nussbaum [13] (LI) and Nurbakhsh [14] (v).
In the heat flux range studie::i here (20 -75 kW/m") the charring rate is relatively weakly depenjent on the external heat flux. '!his is seen fram Fig. 3 by the rather small slope. '!he main reason for this is the high radiative heat losses at high heat fluxes (high surface temperab.lres).
EFFECI' OF IDIS'IURE CJNI'ENT
'!he density (p), specific heat capacity (e) and heat of gasification (1.,) in Eq. (6) are moisture-depend.ent. When neglecting changes in volume the relation between ooisture content (w) and density is P Po (1 + w) (12) where Po is the density of dry wood and moisture content w is w = m -me me (13) where m is the mass of the wood saItPle and me is its dry mass. 'lba sp:d.fic heat capacity below the vaporization temperature of water Tv (:::: 100 'C) can be written as Col + w c..
where Col is the average specific heat capacity of dry wood in this temperature range and c.. is the specific heat capacity of water. Fbr l1i.grer temperatures the specific heat capacity is
where Co2 is the average specific heat capacity in this temperature range. It is assumed that soon after vaporization the water leaves the solid wood. '!he term C(T p -To) in Eq. (6) can be written in the following forme
Using Eqs. (14) and (15) and taking into account that in practice the moisture content of wood is usually less than 20 % (w < 0.2), Eq. (16) can be approximated as follows
where Co is the average specific heat capacity of dry wood over the whole temperature region To < T < T p• In the case of wood containing water the heat of vaporization Lv in Eq. (6) is replaced as follows Lv ... Lv + W Lv,w ,
where Lv is heat of vaporization of dry wood arrl Lv w is heat of vaporization of water. By combining Eqs. (6) , (12), (17~and (18) ard assuming the net heat flux to the char front to be independent of moisture content we get an approximation for the relation between charring rate and moisture content of wood,
Equation (19) can be still s~lified using typical parameter values for wood [8) . As a result we get a rough estimate of the form (3 -
{3 -1
(1 + 2.5 w) .
In this study charring rate measurements were made as a function of moisture content for spruce and LVL sarepl.es, '!he moisture content of wood was varied between 0 and 20 %. Experimental results and the estimated curve according to Eq. (20) as well as some results found in the litera:b.lre are shown in Fig. 4 . '!he results of Fredlund [5] are taken fromp rofile curves of spruce sampl.es , '!hose experiments were with constant heat flux, as in this study. '!he other results are fran tests~aa::x:n::ding to the ISO standard fire test [15] or similar procedures. '!he data of SChaffer [16] is a fit by the dashed curve shown in Fig. 4 . [21] . Their results state that the mass loss rate decreases approximately 20 % when the oxygen concentration decreases from 21 % to 10.5 % and with zero oxygen mass loss rate is only 50 % of its value with a normal oxygen concentration. Nm:bakhsh has measured mass loss rates for Douglas fir in normal and zero oxygen conditions [14] . The results show a 35 % decrease in the mass loss rate between 21 and 0 % oxygen concentration.
According to these results charring rates measured in the ISO stan:1ard fire test will be approximately 20 % lower than in the "oxygen-rich" cone calorimeter test when the average external heat flux is identical. For comparison between these two cases the heat flux in the standard fire test must certainly be averaged over the test period. CDNCIIJSIONS A s:iIrq;Jle analytical model for the charring rate of wood was derived. The model takes into account the density and notsture content of wood as well as the external heat flux. corrparisons with present and previous experiments show that the model is useful for calculating charring rates for practical wood structures.
The charring model can be effectively applied, for in5tarce, in pr:o:1trt development to determine the change in the charring rate when sore intemal or external parameter is changed. Also, the cone calorimeter test results for charring rate can be used to estimate large-scale (ISO 834 or real fire) charring rates when external heat flux and oxygen effects are taken into account.
